The sensitization in visible light region is observed by the adsorption of N3 (bis [(4,4'-dicarboxy-2,2'-bipyridyl)(NCS)] Ru(II)) dye on photoelectrochemically etched n-GaN surface. From the incident photon to current efficiency spectrum, the sensitization in visible light region and its enhancement with the increase of surface roughening is observed, but the sensitization decreases by the excess etching. From the excitation intensity dependence of photocurrent at 546 nm wavelength, the electron transfer from the excited N3 dye to n-GaN occurs via one-photon process, not via intermediate states. The solar cell is fabricated using I2/LiI in acetonitrile as the electrolyte and Pt sputtered fluoride tin oxide glass as the counter electrode. According to the solar simulator measurement at AM1.5G, the short-circuit current density and the conversion efficiency are 0.6 mA·cm −2 and 0.27%, respectively. The low adsorbed dye amount on the etched n-GaN surface is the cause for these small current and efficiency values, but the current per adsorbed N3 dye molecule is comparable with the N3 dye/TiO2 nano-porous layer system by BET surface area measurement and dye dissolution experiment. To reflect wide-bandgap of GaN, the open-circuit voltage of 0.71 V and the fill factor of 0.64 are also comparable with the dye-sensitized solar cells using TiO2 nano-porous layer.
I. INTRODUCTION
Dye-sensitized solar cell (DSSC), developed by O'Regan and Grätzel [1] , is photoelectric conversion device using visible light excitation of dye adsorbed on porous semiconductor surface. It attracts much attention as a next generation solar cell because of low cost and high efficiency (11%) [2] . Generally, spreading the paste of oxide semiconductor nano-particle, such as titanium dioxide (TiO 2 ) [1, 2] or zinc oxide (ZnO) [3] on the conductive glass and then annealing are used for fabricating the nanoporous semiconductor layer of DSSC. The nano-porous layer can adsorb a large amount of dye molecules owing to its large specific surface area. In the electrolyte, it has been proposed that the electron transport in nanoporous layer is held by the diffusion based on the ambipolar model [4, 5] . But according to the high-temperature Hall effect measurement, the electron mobility of the TiO 2 nano-porous layer with about 13 µm thickness was as low as 6 cm 2 V −1 s −1 in the condition of carrier activation at 500 K [6] . Such a low mobility is partly due to the transport through the necking of nano-particles. The application of oxide semiconductor nano-porous layer to solar cells was very successful so far, but low electron mobility might become disadvantage in further development for higher efficiency DSSCs.
In this study, the dye-sensitization in n-GaN was investigated. GaN is attractive for high-performance and robust solar cell devices because it has the following properties: a wide (3.4 eV) and direct bandgap, high carrier mobility and high thermally/chemically stability. The solar cell using p-GaN nanorods on n-Si has been reported by Tang et al. [7] , but no DSSC using GaN has been reported so far. The n-GaN sample used in this experiment has an electron mobility of 140 cm 2 /Vs at room temperature. Therefore, because there is a strong upward band-bending toward the surface, it is expected that the electron-hole * Corresponding author: naoki@pc.uec.ac.jp separation is enhanced at the dye/n-GaN interface. And moreover, it is also prospective that the injected electrons are fast transported in n-GaN when electrons are transferred from the excited dyes to n-GaN. The conductionband edge in n-GaN, which is located at about 0.4 eV higher than that of TiO 2 [8] , has a possibility of increasing open-circuit voltage.
To increase the adsorbed dye amount on n-GaN surface, the surface was roughened by photoelectrochemical (PEC) etching. The PEC etching is a wet method based on the dissolution of the semiconductor layer during photoexcitation in basic solution [9] . It has been reported that the PEC etching of (0001) face of n-GaN gives a high density (∼10 9 cm −2 ) rod-or whisker-like nano-structures with a diameter of several tens of nanometers [10] .
In this paper, the visible light sensitization was observed by N3 (Bis [(4,4'-dicarboxy -2,2'-bipyridyl)(NCS)] Ru(II)) dye adsorption on the PEC etched n-GaN surface. The change in incident photon to current efficiency (IPCE) spectrum with the degree of etching was reported and the photosensitization process was discussed by the result of the dependence of photocurrent on excitation intensity. Finally, the characteristics of GaN based DSSC using N3 dye and PEC etched n-GaN were reported and discussed.
II. EXPERIMENTS
Si-doped n-GaN grown by metallorganic vapor phase epitaxy on sapphire substrate (carrier concentration: 1×10 18 cm −3 , thickness of n-GaN layer: 2 µm) was used for the GaN based DSSC. The n-GaN layer was fabricated after the growth of 2 µm undoped GaN. The dislocation density was about 10 Figure 2 shows the IPCE spectra of the GaN based DSSC. The sample using not etched n-GaN shows only 367 nm peak, which is due to the GaN absorption affected by the strong absorption of I 2 in electrolyte solution and also by the low excitation intensity in UV region. In contrast, the broad peak appeared in the visible region for the 0.10 C etched sample. And for the 2.56 C etched sample, the visible region 530 nm peak increased up to 17.5%. The peaks at 530 nm and 400 nm are the evidence for sensitization by N3 dye because two peaks are located near the absorption peaks of N3 dye in solution [11, 12] . It is considered that the N3 dye is chemically bonded with the thin oxide layer on the GaN surface after PEC etching like the Ti-O linkage reported for N3 dye adsorption on TiO 2 surface [13] . It was also found that the GaN related peak at 367 nm increases by etching. This is due to the enhanced optical confinement by light scattering of roughened GaN surface.
III. RESULTS AND DISCUSSION
The dependence of 530 nm peak intensity in the IPCE spectrum on the total charge spent during PEC etching was shown in Fig. 3 . Below 2.5 C, the peak intensity increased with the degree of etching, indicating the increase in surface area and adsorbed dye amount. However, over 2.5 C, the peak intensity decreased. This is attributed to the excess GaN etching. Figure 4 shows the SEM images of n-GaN surfaces at 2.56 C and at 4.27 C etching. For the surface of 4.27 C etching, the density of GaN whisker decreases as compared with the surface of 2.56 C etching and the whiskers become thinner with less than 20nmφ. Some whiskers break down and the sapphire substrate surface partially appears by complete etching of GaN layer. It is considered that the current for the excess PEC etching flows through high-resistive undoped GaN layer partially left after etching in 4.27 C etched GaN, in contrast with the 2.56 C etched sample which was etched less than 2 µm and the n-GaN layer still remained. And the depletion layer, its width of n-GaN with 10 18 cm −3 carrier concentration is calculated as about several tens of nanometers, also behaves as resistance in highly etched n-GaN. The BET surface area for the etched 2 µm thick n-GaN sample showing the maximum sensitization is measured as 2 m 2 /g, which is about 1/25 of 10 µm thick TiO 2 nano- porous layer. The logarithmic plot of photocurrent vs. photointensity on the GaN based DSSC was shown in Fig. 5 . As observed for the TiO 2 based DSSC, the slope of the plot was very close to one, indicating that the electron transfer from the excited N3 dye to conduction band of n-GaN occurs via one-photon process. It means that the photoexcitation of N3 dye and carrier injection to the conduction band of n-GaN occurs directly, not via intermediate states. Figure 6 shows the I-V curve for the GaN based DSSC under AM1.5G sunlight irradiation. The short-circuit current density (J SC ) and the conversion efficiency were 0.6 mA·cm −2 and 0.27%, respectively. These small values are caused by still low adsorbed dye amount for the etched n-GaN surface, which was confirmed by BET surface area measurement. From the dye-density experiment by NaOH solution, N3 dye amount adsorbed on PEC etched 2 µm thick n-GaN was in the low range of 10 −6 mol·cm −3 , in contrast with 3.2×10 −5 mol·cm −3 for the TiO 2 nano-porous layer with 10 µm thickness. Therefore it can be said that the current per adsorbed N3 dye molecules is comparable with TiO 2 based DSSC. To reflect wide-bandgap of GaN, the open-circuit voltage of 0.71 V and the fill factor of 0.64 were also comparable with the TiO 2 based DSSC.
To increase JSC and conversion efficiency in the present GaN based DSSC, thicker GaN layer must be used to increase the specific surface area. At present, the effect of high electron mobility and surface band-bending by GaN on the characteristics of DSSC is not clear. The timeresolved measurement to know the lifetime of the electron transfer from the dye to GaN also will have to be studied.
IV. CONCLUSIONS
The visible light sensitization was observed by the DSSC using N3 dye adsorption on PEC etched n-GaN. The increase in the incident photon to current efficiency (IPCE) in the visible light region with the degree of etching was observed. Furthermore, the electron transfer from the excited N3 dye to n-GaN occurred via one-photon process from the excitation intensity dependence of photocurrent in the visible region. The JSC and the conversion efficiency were still low of 0.6 mA·cm −2 and 0.27%, respectively. These are due to low adsorbed dye amount for the etched n-GaN surface, but the current per adsorbed N3 due molecule is comparable with TiO 2 based DSSC. To reflect wide-bandgap of GaN, the open-circuit voltage of 0.71 V and the fill factor of 0.64 were also comparable with the TiO 2 based DSSC.
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